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While phonological impairments are common in developmental dyslexia, there has
recently been much debate as to whether there is a causal link between the phonological
difficulties and the reading problem. An alternative suggestion has been gaining ground
that the core deficit in dyslexia is in visual attentional mechanisms. If so, the visual
aetiology may be at any of a number of sites along the afferent magnocellular pathway
or in the dorsal cortical stream that are all essential for a visuo-spatial attentional feedback
to the primary visual cortex. It has been suggested that the same circuits and pathways
of top-down attention used for serial visual search are used for reading. Top-down signals
from the dorsal parietal areas to primary visual cortex serially highlight cortical locations
representing successive letters in a text before they can be recognized and concatenated
into a word. We had shown in non-human primates that the mechanism of such a
top-down feedback in a visual attention task uses synchronized neuronal oscillations at the
lower end of the gamma frequency range. It is no coincidence that reading graphemes in
a text also happens at the low gamma frequencies. The basic proposal here is that each
cycle of gamma oscillation focuses an attentional spotlight on the primary visual cortical
representation of just one or two letters before sequential recognition of letters and their
concatenation into word strings. The timing, period, envelope, amplitude, and phase of the
synchronized oscillations modulating the incoming signals in the striate cortex would have
a profound influence on the accuracy and speed of reading. Thus, the general temporal
sampling difficulties in dyslexic subjects may impact reading not necessarily by causing
phonological deficits, but by affecting the spatio-temporal parsing of the visual input within
the visual system before these signals are used for letter and word recognition.
Keywords: developmental dyslexia, neuronal oscillations, posterior parietal cortex, primary visual cortex, top-
down attention, reading
INTRODUCTION
For nearly three decades, the dominant model to explain the read-
ing difficulties experienced by those with developmental dyslexia
(DD) was one that was phonologically based (Bradley and Bryant,
1983; Goswami and Bryant, 1990; Stanovich, 1998; Shaywitz and
Shaywitz, 2005; Ziegler and Goswami, 2005; Goswami, 2011).
This was supported not only by the profound deficits in phono-
logical skills and in phonemic awareness commonly found to be
associated with dyslexia, but also by the findings of temporal pro-
cessing difficulties in the auditory system that provided a possible
neuronal basis for the phonological theory (Tallal, 1980; Ahissar
et al., 2000; Temple et al., 2000; Breier et al., 2001). Recently,
these findings were integrated with a host of studies on neuronal
oscillatory mechanisms that are relevant for temporal sampling
of speech and were applied to DD in a model termed the “tem-
poral sampling framework” (TSF) by Goswami (2011). This was
a fresh new approach in the field and brought a sound neuro-
physiological perspective to the phonological model of dyslexia.
In essence, in line with the new understanding of the possible role
of neuronal oscillations in speech perception (Luo and Poeppel,
2007; Poeppel et al., 2008), Goswami (2011) suggests that deficits
in syllabic perception at delta/theta (4–10Hz) frequencies form
the critical basis for the reading impairment in DD. However, the
TSF could be applied to the various stages of processing within
the visual system as well, prior to the information entering the
phonological processing stage. This leads one to consider how
oscillatory activity may influence visual processing. The follow-
ing account proposes a mechanism that underpins reading, based
upon recent neurophysiological demonstrations of how visual
cortical areas communicate with each other and the biophysical
limitations surrounding such communication. It leads with an
introduction to how these factors influence a function long estab-
lished in phylogeny, namely visual attention, which could hold the
key for our ability to read.
THE ROLE OF TOP-DOWN FEEDBACK SIGNALS FROM
PARIETAL CORTEX IN SERIAL VISUAL SEARCH
An alternative to the phonological basis for dyslexia has been
the suggestion that the core deficit is in visuo-spatial attentional
mechanisms that may be crucial to reading (Ans et al., 1998;
Vidyasagar, 1999, 2001; Facoetti et al., 2000; Valdois et al., 2004;
Pammer and Vidyasagar, 2005; Vidyasagar and Pammer, 2010). A
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number of studies have shown significant impairments in visual
attention in children with DD (Casco and Prunetti, 1996; Hari
et al., 1999; Vidyasagar and Pammer, 1999; Facoetti et al., 2000,
2008; Facoetti and Molteni, 2001; Bednarek et al., 2004; Kinsey
et al., 2004; Valdois et al., 2004; Strasburger, 2005; Bosse et al.,
2007; Roach and Hogben, 2007; Solan et al., 2007; Dhar et al.,
2008; Jones et al., 2008; Kevan and Pammer, 2008; Bosse and
Valdois, 2009; Facoetti et al., 2010; Ruffino et al., 2010). However,
why should such a deficit in spatial attention cause dyslexia? This
leads one to consider whatmay be the neural processes that nature
has evolved that humans exploit in reading and what may be
the neurophysiological constraints that these processes impose on
our reading abilities. It has been proposed (Vidyasagar, 1999) that
reading uses a circuit that the visual system had evolved to deal
with the common problem of recognizing a target in a cluttered
world. The visual system faces two major challenges in real visual
scenes that are usually populated by myriad objects of different
sizes, forms, colors, etc. These are:
1. Neurons in the ventral cortical stream that mediate object
recognition exhibit progressively larger receptive fields
(Figure 1) but yet display position invariance, i.e., they
respond to the optimum stimulus, say a face, a car, or a
letter, irrespective of their location within the large receptive
field (Boussaoud et al., 1991). This and the various other
invariances such as for retinal size and angle of view constitute
an essential property for any object recognition system, so
as to avoid the combinatorial problem of having neurons
specific for a feature or object for every possible location,
viewpoint, etc. However, the loss of location information will
be an impediment in a number of situations, including that
of reading a text, since the spatial sequence of letters within a
word is vital for word recognition.
2. Different attributes of an object, such as color, form, depth,
movement, etc are processed in separate cortical areas and
FIGURE 1 | Receptive field (RF) sizes along the ventral cortical stream
in the primate. While the degree of complexity of processing may
increase, the RF size at any one eccentricity also increases dramatically
along the various cortical areas from V1 into the temporal pole. The circles
shown in the figure are not drawn to scale, but the numbers above the
circles indicate approximate relative sizes of the RF diameters.
there are over 30 of these in the primate cerebral cortex
(Felleman and van Essen, 1991). How can these attributes be
bound together so that the objects can be correctly identified?
One widely accepted solution to this double conundrum, sup-
ported by a long and continuing series of experiments using visual
search paradigms, is that a spotlight of attention highlights one
location at a time and the attributes of each object get bound by
the coincident processing of its features (Treisman and Gelade,
1980; Treisman, 1988). The neuronal basis of this solution is likely
to be a feedback from the parietal cortical region back to earlier
visual areas, area V5/MT and still further back to V1, from where
the two cortical streams originate (Vidyasagar, 1999). Many stud-
ies have now identified attentional facilitation of discrete locations
in area MT (Saalmann et al., 2007) and the primary visual cor-
tex (Vidyasagar, 1998; Brefzynski and DeYoe, 1999; Gandhi et al.,
2001; McAdams and Reid, 2005; Simola et al., 2009). When only
a small location of the visual scene on the primary visual cortex,
pertaining to say one object, gets preferentially highlighted for a
short period, the signals from this area will lead to unambiguous
object identification despite the large receptive fields of neurons in
the ventral stream; also, the different attributes of the object get
bound together due to the coincidence of activation in different
areas that process each of these attributes.
VISUAL SEARCH AND READING
The earliest scripts in recorded history are only about 6000 years
old and many human communities did not have any written
language until recently but all have the capacity to read and
write. For this reason, it has been repeatedly pointed out that,
during reading, we are using or “recycling” neural circuits that
evolved over hundreds of thousands of years for other reasons
(e.g., Vidyasagar, 1999; Dehaene and Cohen, 2007). What could
these circuits be? It is now well established that the Visual Word
Form area (VWFA), that shows specific activation during read-
ing and dubbed the “letterbox area” of the brain (Cohen and
Dehaene, 2004; Dehaene, 2009; Dehaene and Cohen, 2011), is
one of the subdivisions in the ventral occipitotemporal region
involved in object recognition (Puce et al., 1996; Kanwisher et al.,
1997; Ishai et al., 1999; Haxby et al., 2001; Malach et al., 2002).
This happens to be an area that codes for visual images of a par-
ticular spatial scale and when humans learn to read, the VWFA
seems to be responsible for stringing letters together into words.
In fact, literacy training in childhood even causes this area to
expand at the cost of adjoining areas of the ventral visual cor-
tex that code for objects at other spatial scales (Dehaene et al.,
2010). Given such impressive plasticity of this ventral region, the
core deficit in DD is unlikely to be a lesion here, unless one finds
comparable deficits in object recognition of all types, which is
not the case. However, prior to the stage of word recognition at
VWFA, there are many steps in visual processing which are all
critical for reading. Beyond the stage of initial processing of ele-
mentary contours such as lines and edges, a vital hurdle to be
overcome is the conundrum described in the previous section.
Written text such as the one you are reading now is almost cer-
tainly the most frequent and crowded visual scene at a fine spatial
scale that we are confronted with in modern civilization. How
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do we manage to identify each letter and combine them in the
appropriate sequence to form words despite the limitations men-
tioned earlier? One solution that has been proposed (Vidyasagar,
1999, 2001; Vidyasagar and Pammer, 1999, 2010) was that during
reading we exploit the same circuits and processes that we had
evolved for visual search and object identification in a cluttered
world. It was hypothesized that during the periods of eye fixa-
tion in reading a text, each lasting approximately 250ms, feedback
signals to V1 sweep a spotlight of covert attention across the let-
ters of individual words and this temporal sequence of identified
letters leads to their concatenation into the spatial sequence sub-
sequent to their serial recognition in the ventral stream. Given this
scenario, reading may well be the most challenging task for the
visuo-spatial attentional mechanisms in a visual world dominated
by the printed text and any deficit of these attentional resources
can lead to the impairment in what is possibly one of the most
sensitive of all our brain functions, namely reading.
Many studies had implicated a deficit in the magnocellular
pathway in dyslexia (e.g., Lovegrove et al., 1980; Livingstone et al.,
1991; Cornelissen et al., 1995; Eden et al., 1996; Stein and Walsh,
1997; Pammer and Wheatley, 2001; Solan et al., 2004). Such a
deficit can potentially be the basis of the attentional impairment
(Vidyasagar and Pammer, 1999), since the visual inputs to the
dorsal stream, the putative driver of the attentional feedback, is
dominated by magnocellular signals. However, the magnocellular
deficit has not always been found to be associated with dyslexia as
reviewed by Skoyles and Skottun (2004). This discrepancy in the
literature is not entirely surprising, for two reasons: (1) A visuo-
spatial attentional deficit and consequent reading impairment can
be caused not only by a lesion in the visual magnocellular path-
way, but also in the dorsal stream structures themselves or in the
feedback pathways to the striate cortex. (2) For a magnocellu-
lar deficit to manifest as dyslexia, it needs to be at the critical
visual field site, namely a small region near the center of the fovea
where covert attention is used for letter identification as described
above. Unless a magno deficit involves this region, a reading diffi-
culty need not be expected. That almost none of the studies have
paid attention to this confounder, could be a contributory factor
to the discrepancy in the literature on the relationship between
magnocellular dysfunction and the reading impairment.
THE ROLE OF NEURONAL OSCILLATIONS IN VISUAL SEARCH
AND READING
If, as suggested above, top-down feedback is essential for serial
letter recognition in reading, what could be the neuronal mecha-
nism that makes such feedback modulation and parsing of letters
possible? The answer to this question may come from the recent
realization that oscillatory activity of neurons is fundamental for
organizing and integrating information in the brain (for review,
Buzsáki, 2006). Recent studies into the role of synchronized oscil-
lations in visual attention (Saalmann et al., 2007; Gregoriou
et al., 2009; Miller and Buschman, 2013), and speech perception
(Giraud and Poeppel, 2012) provide an insight into how neuronal
oscillations might also mediate the top-down feedback process in
visual search and reading.
Humans analyze speech in essentially two integration win-
dows: one at ∼150ms and above, i.e., at delta-theta band for
syllabic segmentation and one at ∼30ms and below, i.e., at low
gamma range for phonemic segmentation (Giraud et al., 2007;
Abrams et al., 2009; Lehongre et al., 2011; Giraud and Poeppel,
2012). Processing of human speech indicates that weak gamma
oscillation at rest (30–40Hz) gets stronger with auditory input
and individual neurons tuned for specific acoustic frequencies
tend to fire more at a particular phase at each cycle (Giraud and
Poeppel, 2012). In this scenario, acoustic energy concentrated in
formants in the feedforward input at delta-theta range is itself
conceived to lead to nesting of the higher gamma frequencies.
These sampling principles in the time domain with acoustic
speech signals can be applied also to the visual system, which
has to perform a spatiotemporal sampling of the visual input.
While modulation frequencies in the delta-theta (3–10Hz) band
are crucial in speech perception for syllabic segmentation of the
amplitude envelope, there is no reason at all for segmentation at
these rates to be crucial for the visual system in deciphering indi-
vidual letters or for that matter concatenating them into a word.
There is no actual physical modulation at the syllabic level in
the visual input arising from a text. The critical visual segmen-
tation is primarily at the level of graphemes, which in English,
are the alphabetic letters. Regular, periodic, segmentation at the
word level is impractical since word lengths vary considerably.
This is not the case with letters which usually occupy approxi-
mately the same physical space and can be sampled in a nearly
periodic fashion by a spatiotemporal sampling process.
The one naturally occurring process in the brain that could
be exploited for parsing the neuronal signals related to letters in a
text that arrive at the primary visual cortex is in fact the top-down
signals that are usually used for serially highlighting items in a
visual search task. Such modulation of early areas is now known
to bemediated by synchronized neuronal oscillations (Fries, 2005;
Saalmann et al., 2007). In visual search, one can envisage a small
group of cells in the posterior parietal cortex (PPC) oscillating in
synchrony when they mediate focal spatial attention (Saalmann
et al., 2007), either due to the relative saliency of the sensory input
or in response to top-down signals from the prefrontal execu-
tive regions (Buschman and Miller, 2009). The frequency of the
neuronal synchrony of the top-down signals from PPC have been
identified to be 25–45Hz (Saalmann et al., 2007) and the ones
from prefrontal cortex to PPC to be 22–34Hz (Buschman and
Miller, 2007).
Oscillations can potentially either define the periods when and
how often a set of post-synaptic neurons would fire in response to
inputs that otherwise are too weak to reach threshold or enhance
responses to a specific set of input signals, or do both. By the
same token, the lack of oscillatory modulation of the membrane
potential may by default act as suppression, since it would require
a much stronger input to lift the membrane potential to thresh-
old. The feedback pathways are known to be excitatory in nature
(Anderson et al., 2011), but local inhibitory connections could
cause suppression of unattended stimuli (Miller and Buschman,
2013).
It is not unlikely that the top-down signals from the PPC toMT
and further to V1 (Vidyasagar, 1998; Brefzynski and DeYoe, 1999;
Gandhi et al., 2001; McAdams and Reid, 2005) that are essential
for serial visual search might also be exploited for reading. The
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same oscillatory nature of the modulation can be used for scan-
ning the printed text during reading and process one letter (or
two) at a time. One could conceive of each cycle of an oscillating
wavelet in the low gamma range highlighting one of the salient
locations on the visual field representation (Figure 2). This per-
mits discrete chunks of information, just from one location or
object, to be processed concurrently in the ventral stream for per-
ceptual binding and object identification. For this to work in serial
visual search, one would expect the salient locations on the pari-
etal priority map to be activated in sequence with each cycle of
a gamma wavelet switching to a different spatial location. There
is evidence for this from the work of Buschman and Miller in
macaques (2009; 2010), which showed spatial attention in a serial
search task being directed by FEF in the frontal cortex with the
fronto-parietal synchrony serially activating object locations in
LIP. In fact, monkeys were found to shift their covert attention
every 40ms and the neural correlate of such shifts were observed
in the oscillations of local field potentials in the FEF synchronized
to 25Hz. In learning to read, I suggest that the fronto-parietal
network gets trained to do a similar serial, but spatially sequential,
switching of top-down focal attention signals.
A consequence of the above framework is that any sampling
process that humans use for reading an alphabetic text such as
English is likely to have a temporal frequency roughly related to
the rate at which readers sample individual letters or small groups
of letters (say, in twos or threes as most words have upwards of
two or three letters in them). I propose that if reading exploits the
same mechanisms that we employ for visual search, both reading
speed, and print sizes would fall within limits that are ultimately
determined by the low gamma frequency range used by the visual
search mechanism for top-down gating of visual signals arriving
FIGURE 2 | Neuronal oscillations underlying the spotlight of attention
that enables sequential letter processing during reading. A wavelet of
low gamma frequency (say around 25Hz, i.e., with a period of 40ms)
sweeps across the retinotopic map in posterior parietal cortex and MT
leading to sequential shift of the locus of top-down facilitation in V1 through
interareal synchrony. The letters in the bottom row (DEVELOPMENTAL
DYSLEXIA) represent the bottom-up sensory signals in V1 corresponding to
each letter of the text that is being read. The fine grain representation of
the visual world in V1 preserves the form of each letter, even though they
are not coded as “letters” in V1. The circles in the middle row represent the
loci of activities in LIP and MT that code for letter locations in the text. The
letter representations highlighted by each subsequent cycle of the gamma
wavelet are hypothesized to be processed and recognized individually and
in sequence in the ventral stream. Only two cycles are shown for each
fixation but they are presumed to sweep across the letters away and to the
right of the fixation point to cover 7–8 letter-spaces during each fixation. The
red dot represents the point of eye fixation. The top row indicates the
periods of fixation, each lasting 250–300ms.
at V1. Thus, the speed of both these processes—visual search
and reading—measured as items or characters (alphabets) pro-
cessed in unit time—will be within the major frequency band of
the synchrony between these areas during periods of focal spatial
attention. Most common visual search paradigms yield a slope of
20–45ms/item depending upon task demands (e.g., Wolfe et al.,
1998; Wolfe and Horowitz, 2004), whose reciprocal, namely fre-
quency, in cycles per second is between 22.2 and 50Hz. This is in
fact very similar to the range (25–45Hz) of low gamma frequen-
cies that the parietal cortex has been shown to use for top-down
modulation of early visual areas (Saalmann et al., 2007).
With most instances of visual search, the main immediate task
may be only object identification, but in the case of reading, the
cognitive load is considerably beyond simple identification of let-
ters and words. After the letters are concatenated into words, the
words need to be semantically interpreted, strung together in to
a sentence and the overall meaning of sentences and the passage
comprehended. Furthermore, there is the necessity of having to
proceed along a specific spatial gradient (left to right in the hori-
zontal direction in English) to the exclusion of all other directions.
Therefore, for a function such as reading that is forced to use an
evolutionarily older process (visual search) whose sampling band-
width is limited to a range of 22.2–50Hz, it would be best to use
the slowest possible speed within that range, thus, parsing letters
at the lower end of this range to prevent the subsequent cognitive
processing stages from being overloaded.
How well are these predictions borne out by data on reading
speeds? In a major study (Rubin and Turano, 1992), the aver-
age reading speed was found to be in fact a maximum of 303
words/min. This translates, in English which has an average of
4.5 letters to a word, to about 23 alphabetic characters per sec-
ond (23Hz) or nearly 44ms per letter. This is almost precisely
the lower end of the neuronal oscillation range for the top-down
signals from PPC that mediate focal spatial attention (Saalmann
et al., 2007). A further testable prediction from the above frame-
work is that the variation in reading speed seen in the population
may roughly reflect the variation between individuals in the speed
of visual search. In fact, recent experiments (Verghese et al., under
review) indicate a significant positive correlation between these
two variables. Valdois and colleagues, investigating further their
earlier finding that reading performance was influenced by visual
attention span (Bosse and Valdois, 2009), also found that read-
ing speed was affected by only one component of visual attention
capacity, namely visual processing speed (Lobier et al., 2013).
These observations follow directly from the above theory that
the speed determined by the gamma frequency oscillation is the
essential rate-limiting step in reading.
PHYSIOLOGICAL CONSTRAINTS ON OSCILLATIONS, VISUAL
SEARCH AND READING
If visual search and reading are dependent on oscillating signals
that mediate the essential cortical interactions, they are inevitably
locked into a narrow range of speeds that are related to the low
gamma range of the neural synchrony that underpins the interac-
tions. In turn, there are compelling biophysical and physiological
reasons why the frequency of oscillations themselves fall within
a particular range (Buzsáki, 2006). Frequency of rhythmically
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discharging GABAergic neurons and the resonance properties of
pyramidal cells determined by their time constants allow only a
relatively narrow window of frequencies of oscillations that could
facilitate within-area and between-areas synchrony (Hutcheon
and Yarom, 2000; Markram et al., 2004; Economo and White,
2012). This may be the reason why the commonly encoun-
tered neuronal oscillations are in the gamma frequency range,
20–70Hz, which resonate best with neurons, which all tend to
have integration times between 15 and 50ms. While within-area
synchrony may be largely driven by relatively higher gamma fre-
quencies, typically in the 35–85Hz range, as for example for
stimulus driven synchrony of V1 cells (Eckhorn et al., 1988),
between-area synchronization is usually slower, being 25–45Hz
for the LIP (an area within the macaque PPC) to MT feedback
(Saalmann et al., 2007). This may be related to the type of post-
synaptic cells that receive the feedback, the local circuitry that
could influence the active properties of the cells and their time
constants. While the frequency of the feedback to V1 from area
MTmediating focal attention has not yet been directly measured,
we already know that the MT cells fire at 25–45Hz during focal
spatial attention (Saalmann et al., 2007).
The intrinsic properties of neurons—some of them subject to
dynamic changes, such as conductance of ion channels and oth-
ers not subject to changes such as the size of the cell itself that sets
the outer limits to input resistance—can potentially play a fun-
damental role in the emergence of neuronal oscillations and to
what frequencies in the input signals that the neuron will resonate
most. These variables are reflected in the range of low gamma
oscillations seen in interareal synchrony. Figure 3 is a putative
model of the top-down modulation of V1 activity by a feed-
back from area MT at low gamma frequencies, whose range is
FIGURE 3 | Schematic diagram, explaining the neuronal basis of
feedback oscillations. Local network properties and biophysical
parameters such as time constants of neurons determine the synchronizing
frequencies of neurons in MT that provide feedback to V1 and the resonant
properties of neurons in V1. It is suggested that a group of neurons
representing a single location (of say, an object) in the parietal saliency map
sending its signals via the corresponding group of neurons in MT can set
the membrane potential of the spatially equivalent group of neurons in V1
(only 1 shown) to oscillate at its resonant frequency. Such an oscillation
would facilitate the V1 neurons to respond to a sensory input more readily
as the input signals ride on the top of the depolarizing crests in membrane
potential.
determined by the resonance properties of the post-synaptic V1
cells and the circuitry they are embedded in.
While there are a number of cortical areas involved in reading
such as the VWFA in the ventral cortex (for reviews, Dehaene,
2009; Wandell, 2012), there have been few electrophysiological
studies so far that have identified the frequencies that mediate
cortical interactions between these areas. The account presented
in this paper has largely concentrated on the feedback within the
dorsal stream for two reasons. First, there is relevant electrophys-
iological data available that provide us with some real numbers.
Second, since the neural process mediating visual search is essen-
tial for parsing of letters in a text and determines reading speed,
the neuronal oscillations in the dorsal feedback are likely to have
a more decisive influence on the speed of orthographic processes
than the oscillatory activities within the ventral stream.
SYNCHRONIZED OSCILLATIONS AND DEVELOPMENTAL
DYSLEXIA
There has beenmuch controversy recently whether the core deficit
in dyslexia is in phonological processing or in visuo-spatial atten-
tion (for reviews, see Ramus, 2003; Vidyasagar and Pammer,
2010; Goswami, 2011). Though there are profound phonological
deficits in most cases of DD, the causality has not been estab-
lished (Castles and Coltheart, 2004; Vidyasagar and Pammer,
2010; Vidyasagar, 2012), whereas there are now many studies
claiming visual attentional deficits as the critical causative fac-
tor (e.g., Vidyasagar and Pammer, 1999; Facoetti et al., 2000,
2008; Facoetti and Molteni, 2001; Valdois et al., 2004; Bosse et al.,
2007; Kevan and Pammer, 2008; Bosse and Valdois, 2009). In
an attempt to anchor the aetiology of dyslexia in basic neuro-
physiology, Goswami (2011) attributed the phonological deficits
and by inference the reading impairment to possible alteration
of the syllabic sampling of speech (Goswami, 2011). The nest-
ing of phonemic sampling at the low gamma rates of around
20–30Hz within the low delta/theta syllabic frequency of around
4Hz implies that altered sampling at syllabic rates could be the
basis of the poor sensitivity of dyslexic children to low frequen-
cies in the amplitude modulated acoustic input (Lorenzi et al.,
2000). However, in a recent study of auditory steady state corti-
cal responses (ASSR) to an amplitude modulated noise spectrum
measured using magnetoencephalography and MRI (Lehongre
et al., 2011), a significant deficit was seen in dyslexic subjects only
for low gamma (phonemic) frequencies (20–30Hz) in the left
planum temporale. This appears at odds with the idea of a core
deficit in syllabic (delta/theta) frequencies suggested by Goswami
(2011), unless the low frequency transitions reset the neuronal
activity occurring at gamma frequencies as suggested for selective
attention by Schroeder and Lakatos (2009).
The sensory stimulus for the study by Lehongre et al. (2011)
was acoustic, but I suggest that the deficit may be one that is
more general across other modalities as well and the use of visual
stimuli might expose deficits in visual areas, particularly those
involved in visuo-spatial attention. As mentioned earlier, the crit-
ical sampling rate for visual search is indeed in the same range
of low gamma frequencies and not the much slower delta/theta
rate, which in fact shows no deficit in the study by Lehongre
et al. (2011). The sampling rate that is used by the visuo-spatial
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attentional process for sequential reading of letters in a word is
also the low gamma rate. The core deficit in DD may thus be an
impairment in sampling at this rate. The deficits in speech per-
ception and phonological processing may be a consequence of
poorer sampling of the acoustic signals, but the reading deficit
itself may be a consequence of similar impaired sampling at
low gamma frequencies in the visual domain. In this scheme,
the essential deficit in dyslexia is entirely within the visual sys-
tem. The phonological deficits occur in parallel and to some
extent they could also be partially the result of poor orthographic
processing.
It should be noted that the sampling rate that we generally
use for reading is not one that evolution had selected for read-
ing but one that had possibly been selected for visual search
and as noted above, this range is itself under certain constraints.
However, reading comprehension, unlike reading speed, depends
upon the working memory and cognitive capacities of the indi-
vidual and the demands placed on them by the semantic content
of the text. It is thus, most likely that as one learns to read,
the brain uses the speed at the low end of the gamma range
used for visual search (namely around 20–25Hz), so that suffi-
cient time can be spent on each grapheme and the subsequent
processing stages. It is possible that due to the biophysical and
network parameters that determine the limited range of frequen-
cies for neuronal oscillations, the rate that one uses for reading
may differ between individuals and this may explain the vari-
ance seen in reading speeds. Every reader ultimately gets “locked”
into a particular narrow range of speeds, which makes slower
or faster parsing of letters in a text inefficient. For complex
material, the sampling rate one is locked into may turn out to
be “too fast” for some. In fact, adult dyslexics, who are “com-
pensated” may actually have a better reading comprehension
scores even though their reading speeds will be slower than con-
trols. On the flip side, fast readers (and hyperlexics), who are
essentially “locked” into this higher speed, may have a gamma
range for top-down modulation that is shifted toward higher fre-
quencies, as indeed seen in their faster visual search (Verghese
et al., under review). This shifted range will enable faster read-
ing, but reading comprehension will be compromised due to
overloading of the subsequent working memory and semantic
stages.
The basic deficit in DD may be either an impairment (e.g.,
lower amplitude of oscillation) of the sampling at low gamma
frequencies that affects visual search and reading and/or a slow-
ing down of this rate. A change in amplitude or frequency of the
synchronized oscillations is likely to affect the efficiency of mod-
ulation of V1 by the top-down feedback. Lower power will lead
to poorer facilitation of sensory signals arriving in V1 and alter-
ation in frequency would lead to a mismatch with the resonant
frequencies of the V1 cells with subsequently poorer oscillations
of the membrane potential. In either case, reading speed will be
affected, but when there is some slowing down of the sampling
rate, reading comprehension may in fact be better.
One interesting observation made by Lehongre et al. (2011)
was that the dyslexics do not always show a general slowing
of temporal processing as originally proposed by Tallal (1980).
In fact the dyslexic subjects also show an increase in the 40Hz
activity in the right hemisphere to the acoustic stimuli. However,
in the scheme proposed here, both slower and faster sampling
would have consequences—slower by reducing reading speed and
faster by overloading the working memory capacity and the time
needed for semantic interpretation of the text.
Buzsáki (2006) has argued that the oscillating frequency of a
cluster of neurons will be slower when the spatial extent of the
group is larger. This has implications for the framework proposed
here that involves a discrete moving spotlight of attention that
is represented by a spatial sequence of small groups of neurons
on the parietal priority map, that each fire in synchrony. Thus, if
the spotlight of attention is larger and spans more than one letter
at a time (as it could happen with experienced readers who may
identify sets of two or even three letters at each gamma cycle),
the rhythm may be slower. Thus, the reading speed may not be
very much faster with a larger span, leading to a fairly narrow
range of optimum font sizes in print. In fact, the distribution of
print sizes in many types of publications all fall within a range
that was indeed found optimal for reading (Legge and Bigelow,
2011).
It should not, however, be interpreted that the above scheme
discounts the role of delta and theta frequencies that have been
suggested as being critically important in reading and for speech
recognition (Goswami, 2011; Power et al., 2012). In fact, the sac-
cadic eye movements in reading occur on average at about 4Hz,
i.e., a saccade approximately every 250ms (Rayner, 1998). One
could argue that the sensory inputs get parsed at this rate, which
is close to the word and syllabic reading speeds, a frequency
range that has been implicated in the aetiology of DD (Goswami,
2011). However, the critical information processing essential for
decoding a printed text is the parsing and identification of letters,
which for most readers occurs at low gamma rates. In fact, this
process may itself determine the saccade frequency. The decreas-
ing strength of covert attention at increasing distance from the
center of the fovea and the individual’s preferred gamma fre-
quency will limit in time and space the number of letters that
can be sequentially identified during a single period of fixation
and can even trigger the subsequent saccade. That the efferent
oculomotor signals lead to saccades at the delta/theta frequency
during reading does not imply that the afferent stream also gets
segmented at the same rate for purposes of detailed sensory
processing. Thus, the critical parsing of the afferent signals for
grapheme recognition may be restricted largely to the low gamma
range.
Low frequency oscillations in human cortical areas have also
been reported in a number of other situations, for example with
regard to sustained visual attention (Busch and VanRullen, 2010),
speech recognition (Giraud and Poeppel, 2012; Power et al.,
2012), auditory syntactic processing (Schmidt-Kassow and Kotz,
2008), and modulation of visual awareness (Mathewson et al.,
2012). Taken together, these studies suggest the existence of a
number of different time scales at which neural oscillations are
linked to cognitive processes, ranging from the delta frequencies
in decoding speech (Giraud and Poeppel, 2012) to the 12Hz seen
with visual awareness (Mathewson et al., 2012). As remarked ear-
lier, the range of oscillating frequencies depend upon the network
dynamics of the respective circuitry and the resonance properties
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of the cells in the network. Unlike the above instances, in the case
of reading, the critical frequency used in specific decoding of the
text may be the low gamma frequencies. These frequencies are
known to be used in shifting the loci of attention in visual search
tasks (Buschman andMiller, 2009, 2010) and are also impaired in
DD (Lehongre et al., 2011).
It is worth stressing that reading a text is a very differ-
ent process from speech recognition. Speech decoding is dic-
tated by external inputs and has to be dynamic and flexible,
occurring not only at multiple time scales (syllabic and pho-
netic), but also at the different frequencies that the speaker
outputs, with the listeners having little choice in the sampling
required of them. In reading this is not a problem, since the
rate that is most optimal for the reader’s perceptual and cogni-
tive systems can be employed by every individual reader with-
out any external constraint. Thus, the temporal characteristics
associated with speech recognition need not necessarily deter-
mine the processing speeds of the visual system in the case of
reading.
PREDICTIONS OF THE SCHEME
A few testable predictions that specifically follow from the scheme
outlined in this paper are summarized below:
1) Reading speed will show a positive correlation with the speed
of visual search.
2) Reading speed will also show a positive correlation with the
frequency of interareal synchrony between the dorsal stream
and primary visual cortex.
3) Those with slower reading speeds, including many compen-
sated adult dyslexics, will have better reading comprehension
than faster readers.
4) As each individual is locked into a narrow range of sampling,
one cannot force oneself to a slower reading speed by pars-
ing letters more slowly, without seriously affecting reading
comprehension.
5) In DD, the use of periodic visual stimuli will reveal an impair-
ment in the low gamma frequencies in the visual cortical areas,
similar to that seen in auditory areas with acoustic stimuli.
At this juncture, one might attempt to predict the consequences
of the scheme for non-alphabetic languages such as Chinese. Even
though in Chinese, there are only 1.5 characters per word on aver-
age (Sun et al., 1985), as against 4.5 letters to a word in English,
it does not follow that the reading speed would be three times
faster and it is not. The approximately 6000 Chinese characters
cannot be taken as equivalent to the set of 26 alphabetic charac-
ters in English. A more appropriate level of parsing is by radicals
which constitute a smaller set of 214 elemental units that go to
form any one of the 6000 characters. As there are on average 2.6
radicals to a character (Shi et al., 2003) and the reading rate in
horizontally written Chinese is 580 characters per minute (Sun
et al., 1985), the speed of parsing would be ca. 40ms/radical
(25Hz). This is in the same ballpark as in English (44ms/letter
on average).
The above argument can be extended also to difficult visual
searches, where search speeds can be much slower, i.e., much
longer than the 40–44ms/item indicated above for reading. When
searching for targets that are more complex than conjunction of
elementary features such as lines and colors as in the case of a face
in a crowd, a car in parking lot, or a book on a cluttered desk, the
situation is more akin to that of reading Chinese characters. Thus,
a process of parsing at low gamma frequencies across the details of
each complex object would yield larger slopes per object. Unless
there is a unique feature in the target that can lead to pop-out,
complex objects would yield larger search slopes proportionate
to the number of elementary features that they are composed of.
However, parsing of these elementary features would always occur
at the same low gamma frequency. This is a strong and testable
prediction from the scheme proposed here.
CONCLUSION
The development of writing and reading was a cultural pro-
gramme in human history that happened to exploit a mechanism
that had evolved for covert serial visual search. Top-down signals
from a fronto-parietal network that uses neuronal synchrony for
interareal attentional gating have been found to function at low
gamma frequencies, with each cycle of the oscillation shifting to
a different location during serial search. It is proposed here that
this same mechanism is used for sequential scanning of individ-
ual letters during reading. This explains the fact that the reading
speed of graphemes in a text is also in the same gamma range. This
is consistent with the findings that with acoustic stimuli, there
is an impairment of oscillations in the low gamma range in DD
(Giraud and Poeppel, 2012).
Most genetic markers of DD seem to be involved in develop-
ment of cortical laminae and migration of neurons (for review,
Paracchini et al., 2007) and consistent with these, morphological
changes in sizes of neurons and cytoarchitecture have been found
in many regions of the brain including the visual system (for
review, Galaburda and Livingstone, 1993; Galaburda, 1994). One
important consequence of such changes in cell morphology and
circuitry will be a change in the resonance properties of neurons
and thus, the frequency and amplitudes of neuronal oscillations
in the brain. Mild impairments of such brain rhythms may not
affect most behavioral functions except those that are most sen-
sitive to the disruption. As argued earlier, reading is one of the
most challenging tasks in present civilization for visual atten-
tional mechanisms, as the parsing of the text is done within a
narrow spatiotemporal range. Thus, with any mild impairment
of the attentional mechanisms, reading may be compromised,
while for most other cognitive functions which also use top-down
attentional processes, the deficit may not be so disabling.
ACKNOWLEDGMENTS
I thank Ashika Verghese for helpful discussions and Sivaram
Viswanathan for help with the illustrations. I also thank one
of the referees whose query about non-alphabetic languages
such as Chinese led me to the serendipitous observation that
the parsing of elementary features in every language may be
at the low gamma range. My experimental work cited in this
paper was supported by grants from the Australian National
Health andMedical Research Council and the Australian Research
Council.
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 811 | 7
Vidyasagar Neuronal oscillations in visual system and dyslexia
REFERENCES
Abrams, D. A., Nicol, T., Zecker, S., and Kraus, N. (2009). Abnormal cortical pro-
cessing of the syllable rate of speech in poor readers. J. Neurosci. 29, 7686–7693.
doi: 10.1523/JNEUROSCI.5242-08.2009
Ahissar, M., Protopapas, A., Reid, M., and Merzenich, M. M. (2000). Auditory
processing parallels reading abiloities in adults. Proc. Nat. Acad. Sci. U.S.A. 97,
6832–6837. doi: 10.1073/pnas.97.12.6832
Anderson, J. C., Kennedy, H., and Martin, K. A. C. (2011). Pathways to atten-
tion: sdynaptic relationships of frontal eye field to V4, lateral intraparietal
cortex and area 46 in macaque monkey. J. Neurosci. 31, 10872–10881. doi:
10.1523/JNEUROSCI.0622-11.2011
Ans, B., Carbonnel, S., and Valdois, S. (1998). A connectionist multiple-trace
memory model for polysyllabic word reading. Psychol. Rev. 105, 678–723. doi:
10.1037/0033-295X.105.4.678-723
Bednarek, D. B., Saldana, D., Quintero-Gallego, E., Garcia, I., Grabowska, A.,
and Gomez, C. M. (2004). Attentional deficit in dyslexia: a general or spe-
cific impairment. Neuroreport 15, 1787–1790. doi: 10.1097/01.wnr.0000134843.
33260.bf
Bosse, M. L., Tainturier, M. J., and Vadois, S. (2007). Developmental dyslexia:
the visual attention span deficit hypothesis. Cognition 104, 198–230. doi:
10.1016/j.cognition.2006.05.009
Bosse, M.-L., and Valdois, S. (2009). Influence of the visual attention span on
child reading performance: a cross-sectional study. J. Res. Read. 3, 230–253. doi:
10.1111/j.1467-9817.2008.01387.x
Boussaoud, D., Desimone, R., and Ungerleider, L. G. (1991). Visual topog-
raphy of area TEO in the macaque. J. Comp. Neurol. 306, 554–575. doi:
10.1002/cne.903060403
Bradley, L., and Bryant, P. E. (1983). Categorizing sounds and learning to read: a
causal connection. Nature 301, 419–421. doi: 10.1038/301419a0
Brefzynski, J. A., and DeYoe, E. A. (1999). A physiological correlate of the spotlight
of visual attention. Nat. Neurosci. 2, 370–374. doi: 10.1038/7280
Breier, J. I., Gray, L., Fletcher, J. M., Dhel, R. L., Klaas, P., Foorman, B. R., et al.
(2001). Perception of voice and tone onset timecontinua in children with
dyslexia with and without attention deficit/hyperactivity disorder. J. Exp. Child
Psychol. 80, 245–270. doi: 10.1006/jecp.2001.2630
Busch, N. A., and VanRullen, R. (2010). Spontaneous EEG scillations reveal peri-
odic sampling of visual attention. Proc. Natl. Acad. Sci. U.S.A. 107, 16048–16053.
doi: 10.1073/pnas.1004801107
Buschman, T. J., and Miller, E. K. (2007). Top-down and bottom-up control
of attention in the prefrontal and posterior parietal cortices. Science 315,
1860–1862. doi: 10.1126/science.1138071
Buschman, T. J., and Miller, E. K. (2009). Serial covert shifts of attention
during visual search are reflected by the frontal eye fields and correlated
with population oscillations. Neuron 63, 386–396. doi: 10.1016/j.neuron.2009.
06.020
Buschman, T. J., and Miller, E. K. (2010). Shifting the spotlight of attention: evi-
dence for discrete computations in cognition. Front. Hum. Neurosci. 4:194. doi:
10.3389/fnhum.2010.00194
Buzsáki, G. (2006). Rhythms of The Brain. New York, NY: Oxford University Press.
doi: 10.1093/acprof:oso/9780195301069.001.0001
Casco, C., and Prunetti, E. (1996). Visual search of good and poor readers:
effects with targets having single and combined features. Percept. Mot. Skills 82,
1155–1167. doi: 10.2466/pms.1996.82.3c.1155
Castles, A., and Coltheart, M. (2004). Is there a causal link from phonolog-
ical awareness to success in learning to read. Cognition 91, 77–111. doi:
10.1016/S0010-0277(03)00164-1
Cohen, L., and Dehaene, S. (2004). Specialization within the ventral stream:
the case for the visual word form area. Neuroimage 22, 466–476. doi:
10.1016/j.neuroimage.2003.12.049
Cornelissen, P., Richardson, A., Mason, A., Fowler, S., and Stein, J. (1995). Contrast
sensitivity and coherent motion detection measured at photopic luminance
levels in dyslexics and controls. Vision Res. 35, 1483–1494. doi: 10.1016/0042-
6989(95)98728-R
Dehaene, S. (2009). Reading in The Brain: The Science and Evolution of a Human
Invention. New York, NY: Viking.
Dehaene, S., and Cohen, L. (2007). Cultural recycling of cortical maps. Neuron 56,
384–398.
Dehaene, S., and Cohen, L. (2011). The unique role of the visual word form area in
reading. Trends Cogn. Sci. 15, 254–262. doi: 10.1016/j.tics.2011.04.003
Dehaene, S., Pegado, F., Barga, L. W., Ventura, P., Nunes Filho, G., Jobert, A.,
et al. (2010). How learning to read changes the cortical networks for vision and
language. Science 330, 1359–1364. doi: 10.1126/science.1194140
Dhar, M., Been, P. H., Minderaa, R. B., and Althaus, M. (2008). Distinct informa-
tion processing charactristics in dyslexia and ADHD during a covert orienting
task: an event-related potential study. Clin. Neurophys. 119, 2011–2025. doi:
10.1016/j.clinph.2008.05.027
Eckhorn, R., Bauer, R., Jordan, W., Brosch, M., Kruse, W., Munk, M., et al. (1988).
Coherent oscillations: a mechanism feature linking in the visual cortex. Multiple
electrode and correlation analyses in the cat. Biol. Cybern. 60, 121–130. doi:
10.1007/BF00202899
Economo, M. N., and White, J. A. (2012). Membrane properties and the balance
between excitation and inhibition control gamma-frequency oscillations arising
from feedback inhibition. PLoS Comput. Biol. 8:e1002354. doi: 10.1371/jour-
nal.pcbi.1002354
Eden, G. F., VanMeter, J. W., Rumsey, J. M., Maisog, J. M., Woods, R. P., and Zeffiro,
T. A. (1996). Abnormal processing of visual motion in dyslexia revealed by
functional brain imaging. Nature 382, 66–69. doi: 10.1038/382066a0
Facoetti, A., Corradi, N., Ruffino, M., Gori, S., and Zorzi, M. (2010). Visual atten-
tion and speech segmentation are both impaired in preschoolers at familial risk
for developmental dyslexia. Dyslexia 16, 226–239. doi: 10.1002/dys.413
Facoetti, A., and Molteni, M. (2001). The gradient of visual attention in
developmental dyslexia. Neuropsychologia 39, 352–357. doi: 10.1016/S0028-
3932(00)00138-X
Facoetti, A., Paganoni, P., Turatto, M., Marzola, V., and Mascetti, G. G. (2000).
Visual-spatial attention in developmental dyslexia. Cortex 36, 109–123. doi:
10.1016/S0010-9452(08)70840-2
Facoetti, A., Ruffino, M., Peru, A., Paganoni, P., and Chelazzi, L. (2008). Sluggish
engagement and disengagement of non-spatial attention in dyslexic children.
Cortex 44, 1221–1233. doi: 10.1016/j.cortex.2007.10.007
Felleman, D. J., van Essen, D. C. (1991). Distributed hierarchical processing in the
primate cerebral cortex. Cereb. Cortex. 1, 1–47. doi: 10.1093/cercor/1.1.1
Fries, P. (2005). A mechanism for cognitive dynamics: neuronal communi-
cation through neuronal coherence. Trends Cogn. Sci. 9, 474–480. doi:
10.1016/j.tics.2005.08.011
Galaburda, A. M. (1994). Developmental dyslexia and animal studies: at the
interface between cognition and neurology. Cognition 50, 133–149. doi:
10.1016/0010-0277(94)90025-6
Galaburda, A. M., and Livingstone, M. (1993). Evidence for a magnocellular defect
in developmental dyslexia. Ann. N.Y. Acad. Sci. 682, 70–82. doi: 10.1111/j.1749-
6632.1993.tb22960.x
Gandhi, S. P., Heeger, D. J., and Boynton, G. M. (2001). Spatial attention affects
brain activity in human primary visual cortex. Proc. Natl. Acad. Sci. U.S.A. 96,
3314–3319. doi: 10.1073/pnas.96.6.3314
Giraud, A. L., Kleinschmidt, A., Poeppel, D., Lund, T. E., Frackowiak, R. S. J.,
and Laufs, H. (2007). Endogenous cortical rhythms determine cerebral spe-
cialization for speech perception and production. Neuron 56, 1127–1134. doi:
10.1016/j.neuron.2007.09.038
Giraud, A. L., and Poeppel, D. (2012). Cortical oscillations and speech processing:
emerging computational principles and operations. Nat. Neurosci. 15, 511–517.
doi: 10.1038/nn.3063
Goswami, U. (2011). A temporal sampling framework for developmental dyslexia.
Trends Cogn. Sci. 15, 3–10. doi: 10.1016/j.tics.2010.10.001
Goswami, U., and Bryant, P. (1990). Phonological Skills and Learning to Read.
London: Erlbaum.
Gregoriou, G. G., Gotts, S. J., Zhou, H., and Desimone, R. (2009). High-frequency,
long-range coupling between prefrontal and vsual corex during attention.
Science 324, 1207–1210. doi: 10.1126/science.1171402
Hari, R., Valta, M., and Uutela, K. (1999) Prolonged attentional dwell
time in dyslexic adults. Neurosci. Lett. 271, 202–204. doi: 10.1016/S0304-
3940(99)00547-9
Haxby, J. V., Gobbini, M. I., Furey, M. L., Ishai, A., Schouten, J. L., and Pietrini,
P. (2001). Distributed and overlapping representations of faces and objects in
ventral temporal cortex. Science 293, 2425–2430. doi: 10.1126/science.1063736
Hutcheon, B., and Yarom, Y. (2000). Resonance, oscillation and the intrinsic
frequency preference of neurons. Trends Neurosci. 23, 216–222. doi:
10.1016/S0166-2236(00)01547-2
Ishai, A., Ungerleider, L. G., Martin, A., Schouten, J. L., and Haxby, J.
V. (1999). Distributed representation of objects in human ventral visual
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 811 | 8
Vidyasagar Neuronal oscillations in visual system and dyslexia
pathway. Proc. Natl. Acad. Sci. U.S.A. 96, 9379–9384. doi: 10.1073/pnas.96.16.
9379
Jones, M. W., Branigan, H. P., and Kelly, M. L. (2008). Visual deficits in devel-
opmental dyslexia: relationships between non-linguistic visual tasks and their
contribution to components of reading. Dyslexia 14, 95–115. doi: 10.1002/
dys.345
Kanwisher, N., McDermott, J., and Chun, M. M. (1997). The fusiform face area: a
module in human extrastriate cortex specialized for face perception. J. Neurosci.
17, 4302–4311.
Kevan, A., and Pammer, K. (2008). Visual processing deficits in preliter-
ate children at familial risk for dyslexia. Vision Res. 48, 2835–2839. doi:
10.1016/j.visres.2008.09.022
Kinsey, K., Rose, M., Hansen, P., Richrdson, A., and Stein, J. (2004). Magnocellular
mediated visual-spatial attention and reading ability. Neuroreport 15,
2215–2218. doi: 10.1097/00001756-200410050-00014
Legge, G. E., and Bigelow, C. A. (2011). Does print size matter for reading? A review
of findings from vision science and typography. J. Vision 11. doi: 10.1167/11.5.8
Lehongre, K., Ramus, F., Villiemet, N., Schwartz, D., and Giraud, A. L. (2011).
Altered low-gamma sampling in auditory cortex accounts for three main facets
of dyslexia. Neuron 72, 1080–1090. doi: 10.1016/j.neuron.2011.11.002
Livingstone, M. S., Rosen, G. D., Drislane, F. W., and Galaburda, A. M.
(1991). Physiological and anatomical evidence for a magnocellular defect
in developmental dyslexia. Proc. Natl. Acad. Sci. U.S.A. 88, 7943–7947. doi:
10.1073/pnas.88.18.7943
Lobier, M., Dubois, M., and Valdois, S. (2013). The role of cisual processing
speed in reading speed development. PLoS ONE 8:e58097. doi: 10.1371/jour-
nal.pone.0058097
Lorenzi, C., Dumont, A., and Füllgrabe, C. (2000). Use of temporal envelope
cues by children with developmental dyslexia. J. Speech Lang. Hear. Res. 43,
1367–1379.
Lovegrove, W. J., Bowling, A., Badcock, D., and Blackwood, M. (1980). Specific
reading disability: differences in contrast sensitivity as a function of spatial
frequency. Science 210, 439–440. doi: 10.1126/science.7433985
Luo, H., and Poeppel, D. (2007). Phase patterns of neuronal responses reliably
discriminate speech in human auditory cortex. Neuron 54, 1001–1010. doi:
10.1016/j.neuron.2007.06.004
Malach, R., Levy, I., and Hasson, U. (2002). The topography of high-order human
object areas. Trends Cogn. Sci. 6, 176–184. doi: 10.1016/S1364-6613(02)01870-3
Markram, H., Toledo-Rodriguez, M., Wang, Y., Gupta, A., Silberberg, G., and Wu,
C. (2004). Interneurons of the neocortical inhibitory system.Nat. Rev. Neurosci.
5, 793–807. doi: 10.1038/nrn1519
Mathewson, K. E., Prudhomme, C., Fabiani, M., Back, D. M., Lleras, A., and
Gratton, G. (2012). Making waves in the stream of consciousness: entraining
oscillations in eeg alpha and fluctuations in visual awareness with rhyth-
mic visual stimulation. J. Cogn. Neurosci. 24, 2321–2333. doi: 10.1162/jocn_
a_00288
McAdams, C. J., and Reid, R. C. (2005). Attention modulates the responses of sim-
ple cells in monkey primary visual cortex. J. Neurosci. 25, 11023–11033. doi:
10.1523/JNEUROSCI.2904-05.2005
Miller, E. K., and Buschman, T. J. (2013). Cortical circuits for the control of
attention. Curr. Opin. Neurobiol. 23, 216–222. doi: 10.1016/j.conb.2012.11.011
Pammer, K., and Vidyasagar, T. R. (2005). Integration of the visual and auditory
networks in dyslexia: a theoretical perspective. J. Res. Read. 3, 320–331. doi:
10.1111/j.1467-9817.2005.00272.x
Pammer, K., and Wheatley, C. (2001). Isolating the M(y)-cell response in dyslexia
using the spatial frequency doubling illusion. Vision Res. 41, 2139–2147. doi:
10.1016/S0042-6989(01)00092-X
Paracchini, S., Scerri, T., and Monaco, A. P. (2007). The genetic lex-
icon of dyslexia. Ann. Rev. Genomics Hum. Genet. 8, 57–79. doi:
10.1146/annurev.genom.8.080706.092312
Poeppel, D., Idsardi, W. J., and Wassenhove, V. (2008). Speech perception at the
interface of neurobiology and linguistics. Philos. Trans. R. Soc. Lond. B Biol. Sci.
363, 1071–1086. doi: 10.1098/rstb.2007.2160
Power, A. J., Mead, N., Barnes, L., and Goswami, U. (2012). Neural entrainment to
rhythmically presented auditory, visual and auditory-visual speech in children.
Front. Psychol. 3:216. doi: 10.3389/fpsyg.2012.00216
Puce, A., Allison, T., Asgari, M., Gore, J. C., and McCarthy, G. (1996). Differential
sensitivity of human visual cortex to faces, letterstrings and textures: a func-
tional magnetic resonance imaging study. J. Neurosci. 16, 5205–5215.
Ramus, F. (2003). Developmental dyslexia: specific phonological deficit or gen-
eral sensorimotor dysfunction. Curr. Opin. Neurobiol. 13, 212–218. doi:
10.1016/S0959-4388(03)00035-7
Rayner, K. (1998). Eye movements in reading and information processing: 20 years
of research. Psychological. Bull. 124, 372–422. doi: 10.1037/0033-2909.124.3.372
Roach, N. W., and Hogben, J. H. (2007). Impaired filtering of behaviourally
irrelevant visual information in dyslexia. Brain 130, 771–785. doi:
10.1093/brain/awl353
Rubin, G. S., and Turano, K. (1992). Reading without saccadic eye movements.
Vision Res. 32, 895–902. doi: 10.1016/0042-6989(92)90032-E
Ruffino, A., Trussardi, A. N., Gori, S., Finzi, A., Giovagnoli, S., Menghini,
D., et al. (2010). Attentional engagement deficits in dyslexic children.
Neuropsychologia 48, 3793–3801. doi: 10.1016/j.neuropsychologia.2010.
09.002
Saalmann, Y. B., Pigarev, I. N., and Vidyasagar, T. R. (2007). Neural mechanisms of
visual attention: how top-down feedback highlights relevant locations. Science
316, 1612–1615. doi: 10.1126/science.1139140
Schmidt-Kassow, M., and Kotz, S. A. (2008). Entrainment of syntactic processing.
ERP responses to predictable time intervals during syntactic reanalysis. Brain
Res. 1226. 144–155. doi: 10.1016/j.brainres.2008.06.017
Schroeder, C. E., and Lakatos, P. (2009). Low-frequency neuronal oscilla-
tions as instruments of sensory selection. Trends Neurosci. 32, 9–18. doi:
10.1016/j.tins.2008.09.012
Shaywitz, S. E., and Shaywitz, B. A. (2005). Dyslexia (specific reading disability).
Biol. Psychiatry 57, 926–933. doi: 10.1016/j.biopsych.2005.01.043
Shi, D., Damper, R. I., and Gunn, S. R. (2003). Offline handwritten Chinese charac-
ter recognition by radical cmposistion. ACM Trans. Asian Lang. Inform. Process.
2, 27–48. doi: 10.1145/964161.964163
Simola, J., Stenbacka, L., and Vanni, S. (2009). Topography of attention in the
primary visual cortex. Eur. J. Neurosci. 29, 188–196. doi: 10.1111/j.1460-
9568.2008.06558.x
Skoyles, J., and Skottun, B. C. (2004). On the prevalence of magnocellular deficits
in the visual system of non-dyslexic individuals. Brain Lang. 88, 79–82. doi:
10.1016/S0093-934X(03)00162-7
Solan, H. A., Shelley-Tremblay, J., Hansen, P. C., Silverman, M. E., Larson, S., and
Ficarra, A. (2004). M-cell deficit and reading disability: a preliminary study of
the effects of temporal vision-processing therapy. Optometry 75, 640–650. doi:
10.1016/S1529-1839(04)70211-0
Solan, H. A., Shelley-Tremblay, J., Hansen, P. C., and Larson, S. (2007). Is there a
common linkage among readimg comprhesion, visual attention and magnocel-
lular processing? J. Learn Disabil. 40, 270–278.
Stanovich, K. E. (1998). Explaining the differences between the dyslexic and the
garden-variety poor reader: the phonological-core variable-difference model.
J. Learn. Disabil. 21, 590–604. doi: 10.1177/002221948802101003
Stein, J. F., and Walsh, V. (1997). To see but not to read: the magnocellular theory
of dyslexia. Trends Neurosci. 20, 147–152. doi: 10.1016/S0166-2236(96)01005-3
Strasburger, H. (2005). Unfocussed spatial attention underlies the crowding effect
in indirect form vision. J. Vis. 5, 1024–1037. doi: 10.1167/5.11.8
Sun, F., Morita, M., and Stark, L. W. (1985). Comparative patterns of reading
eye movement in Chinese and English. Percept. Pyschophys. 37, 502–506. doi:
10.3758/BF03204913
Tallal, P. (1980). Auditory temporal perception, phonics, and reading disabilities in
children. Brain Lang. 9, 182–198. doi: 10.1016/0093-934X(80)90139-X
Temple, E., Poldrack, R. A., Protopapas, A., Nagarajan, S., Salz, T., Tallal, P., et al.
(2000). Disruption of the neural response to rapid acoustic stimuliin dyslexia:
evidence from functional MRI. Proc. Natl. Acad. Sci. U.S.A. 97, 13907–13912.
doi: 10.1073/pnas.240461697
Treisman, A. M. (1988). Features and objects: the fourteenth Bartlett memorial
lecture. Q. J. Exp. Psychol. A 40, 201–237. doi: 10.1080/02724988843000104
Treisman, A. M., and Gelade, G. (1980). A eature integration theory of attention.
Cogn. Psychol. 12, 97–136. doi: 10.1016/0010-0285(80)90005-5
Valdois, S., Bosse, M.-L., and Tainturier, M.-J. (2004). The cognitive deficits
responsible for developmental dyslexia: review of evidence for a selective visual
attentional disorder. Dyslexia 10, 339–363. doi: 10.1002/dys.284
Vidyasagar, T. R. (1998). Gating of neuronal responses in macaque primary
visual cortex by an attentional spotlight. Neuroreport 9, 1947–1952. doi:
10.1097/00001756-199806220-00006
Vidyasagar, T. R. (1999). A neuronal model of attentional spotlight: parietal guiding
the temporal. Brain Res. Rev. 30, 66–76. doi: 10.1016/S0165-0173(99)00005-3
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 811 | 9
Vidyasagar Neuronal oscillations in visual system and dyslexia
Vidyasagar, T. R. (2001). From attentional gating in macaque primary visual cortex
to dyslexia in humans. Prog. Brain Res. 134, 297–312. doi: 10.1016/S0079-
6123(01)34020-7
Vidyasagar, T. R. (2012). “Aetiology of dyslexia: a visual perspective on
a phonological marker,” in Visual Aspects of Dyslexia, eds J. F. Stein
and Z. Kapoula (Oxford: Oxford University Press), 151–170. doi:
10.1093/acprof:oso/9780199589814.003.0010
Vidyasagar, T. R., and Pammer, K. (1999). Impaired visual search in dyslexia
relates to the role of the magnocellular pathway in attention. Neuroreport 10,
1283–1287. doi: 10.1097/00001756-199904260-00024
Vidyasagar, T. R., and Pammer, K. (2010). Dyslexia: a deficit in visuo-spatial
attention, not in phonological processing. Trends Cogn. Sci. 14, 57–63. doi:
10.1016/j.tics.2009.12.003
Wandell, B. A. (2012). The neurobiological basis of seeing words. Ann. N.Y. Acad.
Sci. 22234, 63–80. doi: 10.1111/j.1749-6632.2010.05954.x
Wolfe, J. M., and Horowitz, T. S. (2004). What attributes guide the deployment
of visual attention and how do they do it. Nat. Rev. Neurosci. 5, 1–7. doi:
10.1038/nrn1411
Wolfe, J. M., Palmer, E. M., and Horowitz, T. S. (1998). Reaction time distri-
butions constrain models of visual search. Vision Res. 50, 1304–1311. doi:
10.1016/j.visres.2009.11.002
Ziegler, J. C., and Goswami, U. (2005). Reading acquisition, developmental
dyslexia and skilled readingacross languages: a psycholinguistic grain size
theory. Psychological. Bull. 131, 3–29. doi: 10.1037/0033-2909.131.1.3
Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 15 August 2013; accepted: 08 November 2013; published online: 27
November 2013.
Citation: Vidyasagar TR (2013) Reading into neuronal oscillations in the visual
system: implications for developmental dyslexia. Front. Hum. Neurosci. 7:811. doi:
10.3389/fnhum.2013.00811
This article was submitted to the journal Frontiers in Human Neuroscience.
Copyright © 2013 Vidyasagar. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Human Neuroscience www.frontiersin.org November 2013 | Volume 7 | Article 811 | 10
